The superstring inspired E 6 model is considered and some constraints implied by leptogenesis are discussed. It is shown that there is a possibility of generating Majorana masses M ν c ≃ 10 11 GeV for the right-handed neutrinos which is consistent with the range of masses required for successful leptogenesis and the lightness of conventional neutrinos.
Introduction
The observed baryon asymmetry of the Universe is one of the most interesting problems of particle physics and cosmology. As was suggested by A.D.Sakharov, the cosmological baryon excess can be generated through the baryon number violating decays of heavy particles. Any microscopic theory able to reproduce the observed asymmetry must satisfy three Sakharov's conditions:
-baryon (or baryon minus lepton) number non-conservation; -C and CP violation; -deviation from thermal equilibrium.
The condition of baryon number violation makes a strong appeal to physics beyond the Standard Model (SM). It has been proven to be difficult to generate excess of baryons through direct violation of baryon number. A very attractive scenario of generating lepton number asymmetry through lepton number violating decays of heavy right-handed neutrinos, which is later converted into baryon number by sphalerons [2] , has been suggested by M.Fukugita and T.Yanagida [3] . This scenario requires any viable extension of the SM to contain heavy righthanded neutrinos, which, furthermore, are the reason of small masses of conventional neutrinos. In the recent years various extensions of the SM has been considered [4, 5, 6, 7] .
Among many GUT extensions of the SM, the exceptional group E 6 is one of the most prominent candidates for a unified theory. It's characteristic features are: -naturally follows from breaking of superstring E -contains other GUT candidates, like SU (5) and SO (10) , as subgroups; -allows chiral representations and its fundamental irrep fits the 15 known fermions along with right-handed neutrino and two Higgs doublets; -gauge anomalies are automatically canceled.
The ability to reproduce the observed baryon asymmetry of the Universe is an important test of this model. The requirement of successful lepto-and baryogenesis may help us to put additional constraints on the model. Some properties of the model are reviewed here from the viewpoint of leptogenesis. In sect. 2 particle content of the fundamental irrep and possible charge assignments are discussed. In sect. 3 constraints implied by long-lived proton are considered. Sect. 4 discusses B − L symmetry breaking and masses of the right-handed neutrinos. Sect. 5 is devoted to some concluding remarks. subgroup. For a multiply connected manyfold initial gauge group breaks down to G × E ′ 8 with G -subgroup of E 6 . In this scheme chiral superfields N f 27 + δ(27 + 27) and a 78 vector superfields of E 6 emerge as the zero mode spectra. For a wide class of models δ = 1 [11] . States in δ(27 + 27) are denoted by χ and χ respectively, whereas states in N f 27 are denoted by ψ.
Particle content and charge assignments
Fundamental representation of E 6 fits the 15 fermions of the SM along with two Higgs doublets (H u and H d ), pair of down-type quarks (D and D c ), right-handed neutrino ν c and a singlet neutrino S.
Standard Model states
New states
Systematical study of quantum numbers of states in fundamental and adjoint representations is conveniently performed using Cartan-Weyl method [12, 13] . Hypercharge of any given state is calculated by taking scalar product of hypercharge operator Y and weight of the state. One can easily check, that hypercharge assignment is not unique -there are three assignments, which reproduce the SM: 3Y 1 =(1, -1, 1, -3, -1, 0), 3Y 2 =(1, -1, -5, -3, -1, 0), 3Y 3 =(1, -1, 1, 3, -1, 0). Different assignments correspond to different embeddings of states into the subgroups of E 6 . There are also three B − L operators, i.e. three assignments, which reproduce B − L quantum numbers of the SM states.
3B − L 1 =(1, -1, -2, -3, -1, 0), 3B − L 2 =(1, -1, 1, 0, -1, 0), 3B − L 3 =(1, -1, -2, 0, -1, 0).
Out of nine Y × B − L combinations six are compatible with the SM:
Since operators of this kind project weights of E 6 onto it's U(1) subgroup, B − L is gauged, that is, Majorana type masses of right-handed neutrino are forbidden unless B − L symmetry is broken. Breaking of B − L at the scale which is sufficiently high for generating large masses of the right-handed neutrinos is one of the important constraints implied by leptogenesis. The commonly accepted value of the Majorana neutrino mass consistent with both successful leptogenesis and small masses of left-handed neutrinos is about 10 10 − 10 12 GeV [7, 8] .
Weights of 27 as well as hypercharges and B − L charges for the case of Y = Y 1 and B − L = B − L 1 are presented in Table [1] . The same for 78 of E 6 is given in Table [2] .
Using the weights, one can derive the form of trilinear interactions (i.e. the superpotential) following the algorithm developed in [14] . In terms of particle states:
Using Table [1] it is easy to check, that corresponding weights add up to zero at each vertex. The form of the superpotential is independent of the charge assignment. First five terms of (1) are responsible for the masses of conventional and new fermions, and for the masses of Higgs bosons. Coexistence of all the terms in the second row leads to rapid proton decay mediated by new heavy down-type quark unless it is very heavy. Consequently some of these terms must be set to zero by introducing an appropriate discrete symmetry. The last term of (1) is required for leptogenesis and must be preserved by any such symmetry.
3 Gauge mediated proton decay.
Since SU(5) is a subgroup of E 6 , gauge sector of the model contains X and Y bosons, which are known to mediate proton decay. There are also new gauge fields leading to a rapid proton decay:
couple to the light states.
To assure that the proton is long-lived, those gauge fields must be very heavy -of order of 10 15 GeV or more. If the only source of masses of those particles is the VEV of neutral scalars, then masses of (u g , d g ) gauge bosons are determined (depending on the charge assignment) by S or ν c , Y boson mass is of order of (Electro-Weak) EW symmetry breaking scale and X boson remain massless even after all neutral scalars get nonzero VEV.
The solution to this problem is provided by Hosotani mechanism [15] . If the manifold Γ is multiply connected, there exists the non-trivial direction U = 1 and γ A am T a dx m plays the role of effective Higgs fields. Here U is the Wilson loop on the manifold Γ.
From the above it follows, that after E 8 × E ′ 8 breaking the gauge group of the model is not E 6 itself, but a subgroup G of E 6 . A very elaborate analysis of many possible breaking chains has been performed in [16, 17] . This analysis has been slightly extended by taking into account the possibility of different B −L charge assignments and paying particular attention to the particles and interaction terms relevant for leptogenesis. It was argued in [16] that a gauge field get a mass of order O (10 19 
preserving direction and ρ is the weight of the gauge field).
The requirement of (Z, ρ) = 0 for the gauge fields which mediate the proton decay does not allow G = SO(10) × U(1). For charge assignments 4 and 6 (i.e. (Y 2 , B − L 3 ) and (Y 3 , B − L 3 )) and G = SU(5) × U 2 (1) "dangerous" gauge fields get Plank scale masses via Hosotani mechanism, but in this case SU(5) symmetry implies that parameters of the superpotential are related in the following way
and rapid proton decay mediated by heavy down-type quarks D and D c is unavoidable as well.
Apart from exotic scenarios with extended color group there are only two options left:
Scalar products (Z, ρ) for fundamental and adjoint representations of E 6 are listed respectively in Table [1] and Table [2] . Embedding of the states into SU C (3)×SU L (2)×SU R ′ (2)×U 2 (1) is presented there as well 1 .
Large Majorana masses
Obviously one more intermediate scale at which B − L symmetry is broken spontaneously and right-handed neutrinos acquire masses of order of 10 11 GeV is needed 2 . Since rank of the SM gauge group is four, this intermediate symmetry G ′ is allowed if group G has rank six 3 . There are two SM singlets whose scalar superpartners may be used to break symmetry down to the SM: S and right-handed neutrino ν c . As is clear from Table [1] , S has zero B − L charge and therefore it's VEV S will not break B −L gauge symmetry and generate Majorana masses for the right-handed neutrinos. So it is necessary that scalar superpartner of the right-handed neutrino gets VEV. If one of ν c is nonzero then due to the last term in the superpotential (e and E c ) and (ν and N c ) get large Dirac masses. So all ν c = 0 and B − L symmetry is broken spontaneously by nonzero χ ν c and χ ν c .
According to [16] chiral superfields in δ(27+27) can be massive through the Yukawa coupling 27 · 27 · 78. If (Z, ρ) = 0 for components of 27 and 27 with the weight ρ, the corresponding chiral superfields get the masses of order M C (with M C -compactification scale) while N f 27 chiral superfields remain massless. For spontaneous symmetry breaking by Higgs mechanism χ ν c and χ ν c should remain massless (compared to M C ) and as is seen in the Table [1] this is indeed the case provided that α + β + 4γ = 0. For the skew left-right symmetric model considered here this condition is transformed to β = γ, α + 5β = 0. Negative mass squared
are assumed to come from the E ′ 8 sector where the supersymmetry is considered to break down spontaneously. In the gravity-mediated supersymmetry breaking scenario magnitude of the soft terms in the visible sector should be roughly of order m sof t ∼ F /M P l . For the commonly accepted value m sof t ∼ 10 3 GeV scale of supersymmetry breaking in the hidden sector F 1 2 is about 10 11 GeV. It is interesting to note, that this value is of the same order as the desired mass scale of the right-handed neutrinos.
As is well known, the scalar potential consists of F-term and D-term coming from the chiral superfield tri-linear couplings and the gauge interactions respectively. The D-term scalar potential is of the form:
For the symmetry breaking at the intermediate scale to be realistic, it must occur in D-and F-flat directions. If it was not the case, than the scale of soft supersymmetry breaking terms would far exceed 10 3 GeV. From the requirement that Fayet-Iliopolous term −kD with
vanishes, it follows that χ ν c = χ ν c . As is pointed out in [18] , this direction is not only D-flat but also F-flat. For the skew left-right symmetric model both χ ν c and χ S are zero-modes (set γ = β and α + 5β = 0 in Table [1] ). In [20] both χ ν c and χ S are assumed to get non-zero VEV. It has been shown that for the adopted form of non-renormalizable (NR) interactions masses of the right-handed neutrinos are of order 10 9 GeV or even less. This is below the scale needed for leptogenesis and this case is not considered here.
In the case of G = SU C (3) × SU L (2) × U 3 (1) the only SM singlet neutral zero modes in δ(27 + 27) are χ ν c and χ ν c . Relevant terms of the NR superpotential are :
Combining together (4) and (7) one finds that χ ν c = χ ν c ≃ (m sof t · M 3 C ) Assuming that right-handed neutrinos are created thermally, the coincidence of the supersymmetry breaking scale in the hidden sector and the scale of Majorana masses may be considered as a hint in favor of gravity mediated supersymmetry breaking scenario: if the temperature of spontaneous supersymmetry breaking in the hidden sector and magnitude of VEV F 1 2 are of the same order, than ratio of masses of the right-handed neutrinos and the temperature at which these masses are generated is not far from unity.
Conclusions
In this paper some properties of the superstring inspired E 6 model have been reviewed from the viewpoint of leptogenesis. This model contains right-handed neutrinos which acquire Majorana-type masses of order of 10 11 GeV and therefore is consistent with both requirement of leptogenesis and small masses of conventional neutrinos. From the requirements that the proton is long-lived and that right-handed neutrinos acquire large Majorana masses the following symmetry breaking chain emerges: 
